ABSTRACT In this paper, a frequency reconfigurable antenna system with a directional selectivity is presented. The reconfiguration of the antenna's radiation characteristics is wirelessly controlled through a mobile phone and a microcontroller. The antenna system is a multi-element radiator composed of four monopoles on top of a hexagonal ground plane, in addition to four rectangular microstrip two-elements antenna arrays. The monopoles and the microstrip arrays are designed to contribute to the communication requirements of the complete system. The position, orientation, and topology of the various antennas are optimized to achieve the required frequency reconfigurability in addition to the variable selective directivity performance. The whole system is fabricated and integrated in a single compact unit controlled by a microcontroller, four servo motors, and a Bluetooth module. The antenna system is tested and the measured results confirm the validity of the proposed design.
I. INTRODUCTION
Reconfiguring antenna's radiation characteristics has been the focus for many researchers over the past years. Different approaches are implemented to achieve efficient reconfigurable antenna structures with radiation pattern diversity. The appropriate functioning of reconfigurable antennas relies heavily on the appropriate functioning of the reconfiguring components and their correct integration into the antenna structure. Reconfiguring components can be either electrical or optical switches. Various parameters must be taken into consideration when integrating these components. Such parameters include the non-linearity effects, the insertion loss as well as the biasing requirements of the reconfiguring elements. Thus, the focus of this paper is on the implementation of a reconfigurable antenna with selective directivity while its reconfiguring components are out of interference with the antenna's radiation characteristics.
Various antenna designs can be found in literature that feature reconfigurability with a directive beam pattern [1] - [15] . An antenna structure that consists of one radiating rectangular unit in the center and four surrounding tunable units is presented in [1] . The tuning is achieved by integrating four PIN diodes in order to cover all the azimuthal directions. Another design presented in [4] consists of one driven monopole in the center and surrounded by a ring of six uniformly spaced parasitic monopoles. By configuring three adjacent passive elements as directors and the remaining as reflectors, the presented antenna is able to generate a directive pattern in a given direction. This can be achieved by loading each parasitic monopole with a load that consists of a series combination of a 0.3 nH and a PIN diode [4] . Another technique is to reconfigure a frequency selective surface using PIN diodes to be either transparent or reflective to the incident waves as detailed in [9] . The antenna is fed by a dipole at the center and surrounded with a cylindrical frequency selective surface.
Other approaches to reconfigure the antenna operation include the use of smart material or mechanical actuators [16] - [21] . For example, in [16] a monopole antenna surrounded by four parasitic elements is discussed. The antenna operation is reconfigured by bending the parasitic elements using fluidic actuators. The bending process is automated by linear actuators located below the ground plane. Another design is based on a planar monopole-fed that is rolled horizontally [18] . The spacing between the turns is mechanically adjusted in order to tune the capacitive coupling between them and thus change the antenna's operating frequency.
In this paper, a frequency reconfigurable directive antenna system is detailed. The antenna structure is composed of four monopole separated by copper walls in order to produce a directive sectorial gain pattern. Four additional microstrip arrays are placed below the ground plane of the monopole elements. The reconfiguration of the proposed design is based on tilting the four microstrip arrays so that their ground plane become parallel to the four radiating monopoles.
The novelty of the presented work can be assessed from different perspectives. First, the reconfiguration mechanism is completely transparent to the RF performance of the antenna structure. There is no limitation on the power handling of the antenna system since the reconfiguration technique is not based on semiconductor elements such as RF-MEMS, PIN diodes or varactors. Also, the nonlinearities and intermodulation produced by the reconfiguration technique is not an issue in this design, since the proposed mechanism is based on a tilt process achieved by incorporating four servo motors. Another important feature in the presented work is that the reconfiguration of the antenna system's operation is software controlled through a microcontroller and can be automated by a mobile phone. Thus, the antenna operation is wirelessly controlled by communicating between the mobile phone and a Bluetooth module integrated within the antenna's controlling unit. To our knowledge, this is the first reconfigurable antenna system available in the literature that is software controlled and wirelessly automated through a mobile phone application.
The work in this paper is originally discussed in [21] . The proposed work herein is divided into five sections. In section II, the design of the monopole elements with a directive pattern is detailed. The effect of extending and tilting the ground plane is studied in section III. The integration of microstrip antenna arrays with the monopole element is presented in section IV. Section V details the software control of the reconfiguration technique as well as the measured results of the complete system. Concluding remarks are drawn in section VI.
II. MONOPOLE STRUCTURE
The original antenna structure consists of four monopole elements placed on top of a hexagonal shaped ground plane with a side length of 7 cm as shown in Fig. 1(a) . Each monopole is designed to resonate at 2.4 GHz with a width of 0.5 cm and an offset above ground of 0.25 cm. The monopoles are equally spaced with a distance of separation of 7.424 cm which is slightly bigger than half-wavelength at 2.4 GHz. Each monopole is placed along the circumference of a circle of radius 5.5 cm and positioned in the middle of one of the four quadrants. The simulated S-parameters of the proposed structure are highlighted in Fig. 1(b) . Each monopole element is matched at the resonant frequency of 2.4 GHz with an isolation level of almost −15 dB between elements 1 and 2 as well as elements 1 and 4. The isolation between elements 1 and 3 drops to almost −12.5 dB since these two elements are placed opposite to each other. This effect increases the mutual coupling between any two opposite elements.
The placement of the four monopole along the same circumference shapes the gain pattern of each element. Fig. 1(c) shows the realized gain pattern for two different scenarios in the θ = 60 • plane. For the first scenario, element 1 is fed and the other three elements are terminated by 50 . The second scenario corresponds to the case when element 1 is also fed but the other three monopole elements are removed from the proposed structure. For both scenarios, a maximum realized gain of almost 3.8 dB is achieved. However, the presence of the three elements forces the gain pattern of element 1 to become negative at specific angles. The locations of negative gain levels correspond to the positions of the three terminated monopole elements in the three quadrants.
More specifically, at φ = 226 • the gain level drops from Thus, the terminated monopole elements block the radiation from the fed monopole. The same behavior is noticed when inspecting the gain pattern for the remaining elements. Such effect determines the presence of low isolation levels between the elements even though they are separated by more than one half-wavelength at 2.4 GHz. The improvement in the isolation between the antenna elements can be achieved by forcing each monopole to produce a directive gain pattern through an external mean. The modified antenna structure that achieves such behavior is shown in Fig. 2(a) . The antenna system's physical dimensions are kept the same while four copper walls are introduced. These walls are placed orthogonally to the hexagonal shaped ground plane. Their main purpose is to force each monopole element to produce a directive gain pattern and thus covering only one of the four quadrants. Each copper wall has a length of 9 cm and extends above the ground plane by a height h. The value of h sets up the radiation performance of the modified antenna structure in terms of matching, isolation between the elements and most importantly the gain pattern of each element.
The simulated reflection coefficient at the input port of element 1 is highlighted in Fig. 2 (b) for different values of h, which are chosen to be less than one wavelength at 2.4 GHz. As h increases, the input matching for this element improves due to the increase in the ground plane size. The same response is achieved for other elements. Also as h increases, each element begins to shift its resonant frequency below 2.4 GHz. For example, at h = 7.5 cm, the four monopoles resonate at 2.3 GHz instead of 2.4 GHz. The change in the gain pattern for element 1 for various values of h is highlighted in Fig. 2(c) , where the effect of the copper walls is apparent. As h increases, element 1 produces a more directive pattern by focusing its main beam in the first quadrant and minimizing the back lobe in the third quadrant as well as the side lobes in the second and fourth quadrants. For h = 5.5 cm and 7.5 cm, an almost the same gain pattern is obtained. The maximum realized gain changes from 3.8 dB (no walls) to 8.87 dB for h = 7.5 cm. The values for the maximum gain for the different heights is as follows: 3.91 dB (h = 1.5 cm), 7.31 dB (h = 3.5 cm), 8.05 dB (h = 5.5 cm) and 8.76 dB (h = 7.5 cm). As for the gain levels in the back lobe at φ = 226 • , the values are: −4.8 dB (no walls), −6.5 dB (h = 1.5 cm), −7.5 dB (h = 3.5 cm), −11.5 dB (h = 5.5 cm) and −15.5 dB (h = 7.5 cm). The gain pattern reaches it maximum value at h = 7.5 cm with no noticeable improvement beyond that height.
The change in the gain pattern is accompanied with an improvement in isolation between the elements. Such improvement is essential to ensure good performance for the proposed antenna structure. The isolation levels between elements 1 and 3 as well as elements 1 and 2 are summarized in Table I for the different values of h. An isolation of more than −40 dB is achieved between elements 1 and 2 for the case when h = 5.5 cm and 7.5 cm. This level is obtained between any two consecutive monopole elements. As for the elements that are facing each other, a level of almost −42 dB is achieved for h = 5.5 cm.
The analysis done on the effect of the height h of the four copper walls reveals that an almost similar behavior is obtained for h = 5.5 cm or 7.5 cm, in terms of the input reflection coefficient, maximum realized gain as well as isolation between the elements. Based on this, h = 5.5 cm is fixed for the remainder of this work. Such height is also considered for a more compact design through the overall antenna structure.
The proposed antenna structure with the four monopole elements and the copper walls is fabricated to test its performance. The fabricated prototype is shown in Fig. 2(a) . The comparison between the simulated and measured reflection coefficient at the input port of any monopole element is shown in Fig. 3(a) . The measured isolation between any two adjacent elements as well as any two opposite elements is also included in the same plot. The comparison between the simulated and measured normalized radiation pattern when feeding element 1 and terminating the other elements by 50 is plotted in Fig. 3 (b) for θ = 90 • . The measured data for the remaining elements are also included in the same plot. The good analogy between the simulated and measured data proves the validity of the proposed antenna structure in producing a directive gain pattern with excellent isolation between the four elements.
III. GROUND EFFECT: TILT AND OFFSET POSITION
The next step to consider in this work is to add agility to the antenna performance in terms of operating frequency as well as gain pattern. This can be achieved by investigating the effect of extending the antenna ground plane. The extended part can be tilted to block the radiation from one of the four monopoles. The proposed modified structure for the antenna system is shown in Fig. 4(a) . In front of each monopole element, a 7 cm × 5 cm rectangular metallic plane is added. The change in the input matching for different tilt angles is summarized in Fig. 4(b) . As the tilt angle increases, each monopole element begins to change its resonant frequency. The best match is obtained for a tilt of 0 • since the horizontal ground dimensions are further increased. The tilting of the four rectangular metallic pieces transforms each quadrant of the antenna structure to a cavity. The resonant frequency of this cavity is highly dependent on how close is each titled plane to the orthogonal metallic walls. For example, for a tilt angle of 90 • , the antenna resonates at 3.6 GHz. Thus the antenna can tune its operating frequency from 2.4 GHz to 3.6 GHz by changing the tilt angle of the extended metallic plane. The change in the antenna operating frequency doesn't guarantee a fixed gain pattern behavior when each quadrant of the overall antenna structure is covered by the tilted rectangular part. The tilt process forces each monopole element to lose its directional behavior. Such effect can be inspected in the 3D realized gain pattern of element 1 in Fig. 5 for a tilt of 60 • and 90 • respectively. In Fig. 5(a) , the gain pattern is no longer concentrated in the first quadrant. Some of the radiation is now focused toward the +z-axis due to the reflection from the tilted part. As for the 90 • tilt, the gain pattern loses completely its directional behavior. The maximum gain levels can now be spotted at different locations due to the close proximity between the two orthogonal walls and the 90 • tilted part. For this case, the maximum realized gain drops to 7.5 dB.
The effect of moving the extended metallic plane along the -z-axis is also investigated. More specifically, the extended part that has a tilt of 0 • is now at an offset distance down the hexagonal ground plane. Four offset positions are studied: 3 cm, 5 cm, 7 cm and 9 cm. The antenna structure produces almost the same input matching as well as isolation levels for the different positions. As for the gain pattern, it is noticed that for different positions the same main beam is preserved with almost same maximum realized gain. The plot of the gain for the different offset positions in the θ = 90 • cut plane VOLUME 5, 2017 is shown in Fig. 5(c) . The offset metallic plane increases the back lobe gain levels. The offset position of 7 cm from the ground plane allows the antenna to produce the minimum back lobe with a gain level of −8.18 dB at φ = 226 • . This offset position is used in the remainder of the presented work.
IV. FINAL DESIGN: DUAL DIRECTIVE ANTENNA STRUCTURES
In the final proposed antenna structure, the four monopole elements with the orthogonal copper walls discussed previously in section II are kept the same. However, the four extended metallic parts are now employed as ground planes for a second microstrip antenna system. The structure of the final antenna system is detailed in Fig. 6 . Such system can operate in two different positions. In the first position, the ground planes of the four new antenna elements are now placed parallel to the hexagonal ground plane by an offset distance of 7 cm. The second position corresponds to the tilt of the new antenna elements by an angle of 90 • to block the radiation from the four monopole elements. The added antenna elements are printed on a Rogers Duroid5880 substrate with a full ground plane. Each substrate has the dimension of 7 cm × 5 cm which is exactly the same dimension as the extended metallic part discussed in section III. Each added antenna is a two elements array that is fed by a corporate feeding network. The proposed array is designed to operate at 5.8 GHz, in order to cater for the IEEE 802.11 standard. The detailed dimensions of the array are also highlighted in Fig. 6 . A microstrip antenna array is chosen for the secondary antenna system since it displays a directive radiation pattern similar to the one generated by the monopole antennas lodged between the reflective sheets. The rectangular patches that compose the array have a side length of 1.65 cm and a width of 2.04 cm. The matching of the input of each patch to the corporate feed transmission is achieved by creating an inset feed of length 0.325 cm.
The operation of the final antenna structure can be detailed as follows: In position 1 (Fig. 6a) , when the ground planes of the four microstrip antennas are parallel to the hexagonal ground plane of the four monopoles, the proposed structure operates at 2.4 GHz with a directive gain pattern to serve the four quadrants. By tilting the four microstrip arrays by an angle of 90 • (Fig. 6b) , the overall structure is no longer operating at 2.4 GHz. This is due to the placement of the ground plane of the four microstrip arrays parallel to the four monopole elements. Under this scenario, each quadrant now is served by the corresponding microstrip array that operates at 5.8 GHz. The integration of the two structures together allows the antenna system to reconfigure its frequency either to 2.4 GHz or 5.8 GHz based on the location of the ground plane of the four arrays. Another advantage of the proposed structure lies in the fact that each quadrant can operate at a given frequency independent of the other three quadrants. For example, in the first quadrant monopole element 1 can radiate while in the second quadrant the microstrip array 2 radiates by achieving the 90 • tilt. However, such feature can only be achieved with individual control of the tilting process of each microstrip array. It is essential to note that in position 2, the monopole elements shift their operating frequency to 3.6 GHz with a gain pattern that is less directive. The comparison between the simulated and measured reflection coefficient of any of the four microstrip antenna arrays are shown in Fig. 7(a) . The microstrip array is well matched at 5.8 GHz. The side view of the 3D realized gain in Fig. 7(b) shows that the array can provide a directional pattern to cover one of the four quadrants with a maximum realized gain of 9.7 dB.
To test its performance, the complete antenna system is fabricated and assembled together. Fig. 8(a) shows the bottom and side views of the overall proposed structure for position 1 while Fig. 8(b) presents the antenna in position 2. The whole structure is maintained by two U-shaped Plexiglas support segments that are connected together to form a solid fixture. Each support segment has a length of 17 cm and a height of 14 cm. The support is attached to the bottom layer of the hexagonal ground plane. The main operation of the antenna system is based on achieving the appropriate tilt for the four antenna array elements with individual control. This can be implemented by appropriately incorporating underneath the antenna system four servo motors that are software controlled. The layout of the integration of one servo motor with the microstrip array is highlighted in Fig. 9 (a) for position 1 and Fig. 9(b) for position 2. The servo motor is placed underneath the hexagonal ground plane by an offset distance of 2 cm. It is fixed at this position by a U-shaped Plexiglas part that is highlighted by black boxes in Fig. 9(a) and Fig. 9(b) . The turning shaft of the servo motor is connected to the ground plane of the microstrip array by another U-shaped Plexiglas part that is represented as gray boxes for the two positions in Fig. 9 . When the shaft of the servo motor rotates by an angle of 90 • , this Plexiglas rotates correspondingly. Such rotation forces the microstrip array to move upward from position 1 to position 2 and thus changes the operation of the overall antenna system. Fig. 9(c) shows the physical structure of the servo motor attached to one of the microstrip arrays.
V. SOFTWARE CONTROL AND THE ANTENNA SYSTEM's RESULTS
The automation of the four microstrip arrays is accomplished by sending the appropriate commands to the four servo motors. An Arduino microcontroller attached to the back of the hexagonal ground controls and activates the servos. The microcontroller receives its command from a mobile phone user's application through a connection by a Bluetooth module that its connected to the Arduino board. The mobile's phone application is specifically designed to control this antenna system and it is built on an android system. Fig. 10(a) highlights the position of the microcontroller as well as the Bluetooth module along the antenna structure. The layout of the designed mobile phone application is shown in Fig. 10(b) . It has three main functionalities. The first one is to ensure that the wireless communication between the mobile phone and the integrated Bluetooth module is maintained. Once this is established, the user decides to control all the four microstrip elements together by achieving a tilt of 0 • (position 1) or a tilt of 90 • (position 2). The individual control of each element is also an added feature to the operation of the proposed antenna system. Each servo motor can be controlled independently from the other three servos. Such feature allows the antenna to possess a more diverse functionality and increases the agility of the whole system. This will enable each of the four quadrants to have its own operating frequency as well gain characteristics. The whole antenna system along the microcontroller and the four servos are self-powered through a rechargeable 12 V battery.
The comparison between the simulated and measured input reflection coefficient for any monopole element when operating in position 1, in addition to the isolation between two adjacent monopoles are shown in Fig. 11(a) . It is clear that each monopole element is well matched at 2.4 GHz and that the isolation between adjacent elements is better than −40 dB within the antenna's operating bandwidth. When the four microstrip elements are tilted by 90 • through the designed mobile phone application, the antenna system reconfigures its radiation characteristics. The simulated and measured input reflection coefficient for any monopole element is shown in Fig. 11(b) in addition to the isolation between adjacent monopoles. Each monopole elements switches its operating frequency from 2.4 GHz to 3.6 GHz. The isolation between any two adjacent monopole element drops to almost −30 dB. This drop is related to the fact that the gain pattern for the various elements is no longer as directive as when the antenna system is operating in position 1. The comparison between the simulated and measured input reflection coefficient as well as the isolation between any two adjacent microstrip antenna arrays are shown in Fig. 12(a) . A measured isolation of almost −60 dB is attained. This low level is obtained since the ground plane of the four microstrip arrays are facing each other and are located further apart from each other by more than one wavelength. Also the copper walls of the four monopoles help in achieving such isolation between the adjacent microstrip elements. Fig. 12(b) shows the measured isolation between any two opposite elements for both positions. A little drop in the isolation between the monopole elements is noticed when switching from position 1 to position 2 due to the change in the gain pattern. As for the microstrip elements in position 2, the measured isolation is also close to around −60 dB. The comparison between the simulated and measured gain pattern for any monopole element in the θ = 90 • cut plane is summarized in Fig. 13(a) for positon 1 ( f = 2.4 GHz) and in Fig. 13(b) for positon 2 ( f = 3.6 GHz). By comparing both plots, one notices the change in the directive gain pattern once the ground plane of the four microstrip arrays are placed parallel to the various monopoles. The measured maximum gain for position 1 is 7.96 dB while for position 2 is 7 dB. Fig. 13(c) presents the gain pattern for one of the microstrip arrays in position 2. It is apparent that each microstrip serves the corresponding quadrant with a measured maximum gain of 9.14 dB. A good agreement is noticed between the simulated and measured data for the various cases.
VI. CONCLUSION
In this paper a software controlled reconfigurable antenna system is presented. The reconfiguration of the antenna performance is based on mechanically reconfiguring the position of the four microstrip arrays with respect to the four directive monopole elements. The whole system is assembled together including the microcontroller, the four servos, the Bluetooth module and the required circuitry into a single antenna unit. The reconfiguration of the antenna system is controlled using a mobile phone's application that connects to a microcontroller which in turns controls the servo motors. Individual antenna control and reconfiguration can be achieved with added frequency reconfiguration and pattern diversity. The measured results prove the validity of the presented work. 
